The remarkable development of China has resulted in rapid urbanization (urban heat island and dry island) and 17 severe air pollution (aerosol pollution). Previous studies demonstrate that these two factors have either suppressing or pro-18 moting effects on fog, but what are the extents of their individual and combined effects? In this study, a dense radiation fog 19 event in East China in January 2017 was reproduced by the WRF-Chem model, and the individual and combined effects of 20 urbanization and aerosols on fog (indicated by liquid water content (LWC)) are quantitatively revealed. Results show that 21 urbanization inhibits low-level fog, delays its formation and advances its dissipation due to higher temperatures and lower 22 saturations. In contrast, upper-level fog could be enhanced because of the updraft-induced vapour convergence. Aerosols 23 promote fog by increasing LWC, increasing droplet concentration and decreasing droplet effective radius. Further experi-24 ments show that the current pollution level in China is still below the critical aerosol concentration that suppresses fog. Ur-25 banization influences fog to a larger extent than do aerosols. When urbanization and aerosol pollution are combined, the 26 much weaker aerosol promoting effect is counteracted by the stronger urbanization suppressing effect on fog. Budget analy-27 sis of LWC reveals that urban development (urbanization and aerosols) alters LWC profile and fog structure mainly by mod-28 ulating condensation/evaporation process. Our results infer that urban fog will be further reduced if urbanization keeps de-29 veloping and air quality keeps deteriorating in the future. 30
Introduction

31
During the past five decades, China has achieved remarkable developments, accompanied by strong anthropogenic activities 32 (rapid urbanization and severe air pollution). Urbanization and air pollution have significantly affected climate change, 33 monsoons, air quality, fog, clouds and precipitation (e.g., Li et al., 2016; Li et al., 2017) . Many studies have linked the 34 changes in clouds and precipitation to urbanization and aerosols. Urbanization destabilizes the boundary layer, which trig-35 gers strong updrafts and invigorates convection (e.g., Rozoff et al., 2003; Shepherd, 2005) . Aerosols modify the macroscopic, 36 microphysics, thermodynamics and radiative properties of clouds through complicated pathways, which are called as aero-37 sol-cloud-radiation interactions and have been systematically reviewed by Fan properties may instantly affect fog, so fog is more sensitive to anthropogenic activities than other types of clouds are (Zhu 40 and Guo, 2016). Many studies have analysed the effects of urbanization and aerosols on fog, mostly in segregated manners. 41
Urbanization is featured with urban heat island (UHI) and dry island (UDI) effects. The urban surface has a lower albedo, 42 which reduces the reflected solar radiation and enhances heat storage. Urban expansion decreases the coverage of cropland, 43 water bodies and forestland, which reduces the sources of water vapour. As a result, urban areas commonly experience high-44 er temperatures and lower vapour contents. These conditions induce a lower supersaturation that is unfavourable for fog 45 formation (Gu et al., 2019) . In the long-term scale, urban fog days are reported to decrease significantly (e.g., Guo The d01 domain has a size of 217×223 grids and a resolution of 6 km, covering the entire fog area of this event ( Fig. 2a ). 104
The d02 domain has a size of 115×121 grids and a resolution of 2 km, covering SX and the adjacent areas. The land use data 105 are replaced by MCD12Q1 data, which represent the latest condition. 
Sensitivity experiments 122
The study site is SX because only its visibility is observed hourly and is a multiple of 1 m, which is suitable for evaluating 123 the model performance. To investigate the effects of urbanization and aerosols on fog, we change the land use and emission 124 intensity around SX. Four experiments, i.e., u0e0, u3e0, u0e3 and u3e3 are designed. The u0e0 is the base experiment, with 125 no urbanization and weak emission at SX. The u3e0 is set as the urbanization condition. The u0e3 is set as the polluted con-126 dition. The u3e3 is set as the urban development condition (urbanization and pollution coexist). The experiment settings are 127 listed in Tab. 2. 128
On the setting of urbanized condition, we replace the land use of SX as that of Hefei, the most urbanized city and the capital 129 of Anhui Province. The downtown of Hefei has a built area of approximately 570 km 2 . Therefore, the 11x13 box centered on 130 SX (572 km 2 ) is replaced by urban surface in the u3e0 and u3e3 experiments to represent the urbanization condition. 131
The downtown of Hefei has much higher emissions than SX. For example, the PM2.5 emission rate of Hefei is 40 times 132 higher than that of SX. To represent the polluted condition, the emission intensity of the aforementioned box is set to be 133 equal to that of downtown Hefei in the u0e3 and u3e3 experiments. 134
Calculating visibility 135
The LWC is the proxy of fog as mentioned above. Since the LWC is not observed, and visibility (VIS) is related to LWC, the 136 VIS is used to assess the model performance. (1)
Another parameterization method is based on the Mie theory (Gultepe et al., 2017). VIS is inverse proportional to atmos-
where a ( w ) is the air (water) density in kg m -3 , LWC is in g kg -1 , R e is in m, and Q ext is the extinction efficiency, which is 142 assumed to be 2 for cloud droplets. vapour promote the occurrence of fog-haze events. From the evening of 02 January to the noon of 03 January, a dense fog 154 event occurs in wide regions of East China. The fog reaches its peak at 08:00 03 January, covering south Hebei, east Henan, 155 west Shandong, Anhui, Jiangsu and Shanghai ( Fig. 2a ). Figure 4a shows the temporal variation of visibility at SX. The fog 156 forms at 18:00 02 January and dissipates at 12:40 03 January. This is a radiation fog which is promoted by strong radiative 157 cooling at night and weak easterly water vapour transport from northwest Pacific (Zhu et al., 2019). 158 (2) After 02:00, the LWC decreases in the low-level while it increases in the upper-level. Fog dissipates at 10:50 in u3e0, 1.5 181 h earlier than in u0e0. To better explain the LWC difference, its profiles are shown in Fig. 6 . At 23:00, although fog has 182 formed in u3e0, the fog is rather weak compared with u0e0, which is caused by the higher temperature ( Fig. 6f ) and lower 183 saturation associated with UHI and UDI. At 02:00, fog develops in u3e0, but its intensity (the value of LWC) cannot reach 184 the same level as that in u0e0. 185
Preliminary evidence of urban development affecting fog
An interesting phenomenon is the opposite change of LWC in the low-level and upper-level after 02:00. This phenomenon 186 can be explained by the role of updrafts. The increasing roughness length and extra warming in urban conditions could trig-187 ger horizontal wind convergence ( Fig. S1 ) and the enhanced updrafts (Fig. 5c ). The stronger updrafts in u3e0 affect conden-188 sation via two possible pathways: (1) the vertical transport of vapour (-w (Fig. 6i ), and the LWC increases above 170 m (Fig. 6d ). Therefore, it is possible that the adiabatic cooling and up-193 draft-induced vapour flux convergence increase the vapour content and promote condensation in the upper-level, while the 194 fog in the low-level is suppressed by the divergence of vapour flux. At 11:00, fog disappears at the ground in u3e0 likely due 195 to the higher temperature (Fig. 6j) . In summary, the UHI, UDI and updrafts alter the profile of LWC and reduce the LWP 196 most of the time (Fig. 5c ), and the decreasing LWP in the daytime can explain why fog holes occur above urban areas (Fig.  197 3). 198 2012; Goren and Rosenfeld, 2012). The aerosol concentration of the transition point (experiment M2.5) is higher than that of 214 u0e3 (Fig. 8) , revealing that the current pollution level in China is still located in the promoting regime rather than the sup-215 pressing regime of fog occurrence, which is also found by Jia et al. (2018) . 216 0.124 g kg -1 , respectively. This result indicates that urbanization affects fog to a larger extent than do aerosols; when urbani-time, and the promoting effect of aerosols in Fig. 7c is indiscernible in Fig. 9c . To further explain the changes in LWC, we 222 perform budget analysis of the LWC to determine which physical processes are the dominant contributors. 223
Aerosol effects
Combined effects of urbanization and aerosols
In WRF, the budget of LWC is composed of the following items, 224
where q c is LWC, and the subscripts denote advection, boundary layer, microphysical and cumulus processes, respectively. 225
The microphysical tendency is further decomposed into the following items, 226
where the subscripts denote cold phase processes, autoconversion, accretion, sedimentation and condensation/evaporation, 227 respectively. 228
All the processes regarding precipitation and cold phase (the cumu, cold, auto and accr subscripts) are not analysed because 229 no precipitation occurs, and the temperature is above 0°C in the simulated fog (figure not shown). The sum of microphysical 230 (condensation/evaporation and sedimentation), boundary layer and advection tendencies is equal to the LWC distribution, so 231 the contributions of other physical processes can be safely ignored. 232
We can also infer that to what extents the various physical processes affect fog through the sensitivity experiments (u3e0, 233 u0e3 and u3e3). Additional aerosols weakly influence these processes ( Fig. S2 right column) and subsequently result in weak 234 LWC change (Fig. 7c) . Compared with aerosols, urbanization effect is much more considerable (Fig. S3 right column) ; it 235 dominantly accounts for the variation in physical tendencies from u0e0 to u3e3 (Fig. 10 right column) . In u3e3 condition, 236 urban development (urbanization and aerosols) induces different magnitude of changes in different physical tendencies. The 237 relative magnitudes are 52.1, 38.3 and 9.6 % for the microphysical, boundary layer and advection processes, respectively, 238 indicating that microphysics is most susceptible to urban development and contributes most to the LWC change. Among 239 various microphysical processes, condensation/evaporation contributes most (72.7 %) to the change in microphysical ten-240 dency ( Fig. 11 right column) . The above results indicate that urban development affects the LWC mainly by modulating the 241 condensation/evaporation process. Since u3e3 condition still witnesses higher temperatures and stronger updrafts (figure not 242 shown), the notable variation in condensation/evaporation tendency induced by u3e3 can also be attributed to the predomi-243 nant role of UHI, UDI and updrafts. The mechanism has been analysed in Sect. 3.3.
Discussions
245
As mentioned above, urbanization influences fog to a larger extent than do aerosols; the LWC in fog does not vary substan-246 tially with pollution level. This section discusses the rationality and reliability of our results through mechanism analysis and 247 observational evidence. 248
The sensitivity of cloud properties to aerosols depends on aerosol concentration and saturation environment. In convective 249 clouds with intense upward motions and high saturations, the response of cloud properties to additional aerosols is signifi-250 cant ("aerosol-limited regime") (Fan et al., 2018) . However, in fog with much weaker updrafts and lower saturations, this 251 response could be more sensitive to vapour content rather than aerosol concentration ("vapour-limited regime"). It possibly 252 implies that the LWC in fog varies slightly with pollution level but considerably with saturation condition that related to ur-253 banization. Our results reveal that the time-height average LWC varies within the extent of 0.07g kg -1 when emission inten-254 sity varies within two orders of magnitude (Fig. 8 ). This relative weak response of the LWC to pollution level is also report- lite images present discernible fog holes above urban areas ( Fig. 3) (Lee, 1987; Sachweh and Koepke, 1995) . Therefore, 261 these observational evidence support the model results that the promoting effect of aerosols is counteracted by the hindering 262 effect of urbanization. We believe that the results can also be applied to other cities in China because these cities commonly 263 witness strong UHI, UDI and severe air pollution. 264 The role of urbanization far overweighs that of aerosols. Therefore, when they act together, the urbanization effect is domi-280 nant, and the aerosol effect is indiscernible. Budget analysis of LWC shows that increasing aerosols influence various physi-281 cal processes to a lesser extent, while urbanization influences these processes to a larger extent, eventually leading to a sub-282 stantial LWC change in urban development condition (urbanization and aerosols). In this condition, comparisons among 283 various physical processes reveal that microphysics dominates the change in LWC, and condensation/evaporation dominates 284 the change in microphysical tendency. This result highlights the importance of condensation/evaporation process in modu-285 lating the LWC profile and fog structure. 286
Conclusions
Mechanism analysis and the observational evidence support our key finding that urbanization influences fog to a much larger 287 extent than do aerosol pollution. Therefore, we believe our results are reasonable and robust in radiation fog events without 288 strong synoptic forcings, and the results can also be applied to other cities in China due to the similar urban development 289 patterns. This study facilitates a better understanding of how anthropogenic activities affect the natural environment, fog 290 (cloud) physics and aerosol-cloud interactions near the surface. We can also infer the future change of fog occurrence. Under 291 the traditional urban development pattern, i.e., urbanization keeps developing and air quality keeps deteriorating, urban fog 292 occurrence will be further reduced. The three rows are the 1-hour accumulated tendencies (g kg -1 ) of the microphysical, boundary layer, and advection 493 processes. 494 495
